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Temperature Dependence of Thermal Conductivity Enhancement in Single-walled
Carbon Nanotube/polystyrene Composites
Abstract
The thermal conductivity of single-walled carbon nanotube (SWCNT)/polystyrene composites, prepared
by a method known to produce a uniform distribution of SWCNT bundles on the micrometer length scale,
was measured in the temperature range from approximately 140 to 360 K. The thermal conductivity
enhancement (50% for 1 mass % at 300 K) is reasonably constant above room temperature but is reduced
at the lower temperatures. This result is consistent with the expected, large contribution of interfacial
thermal resistance in SWCNT/polymer composites. Enhancements in electrical conductivity show that 1
mass % loading is in the region of the electrical percolation threshold.
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in single-walled carbon nanotube/polystyrene composites
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The thermal conductivity of single-walled carbon nanotube 共SWCNT兲/polystyrene composites,
prepared by a method known to produce a uniform distribution of SWCNT bundles on the
micrometer length scale, was measured in the temperature range from approximately 140 to 360 K.
The thermal conductivity enhancement 共50% for 1 mass % at 300 K兲 is reasonably constant above
room temperature but is reduced at the lower temperatures. This result is consistent with the
expected, large contribution of interfacial thermal resistance in SWCNT/polymer composites.
Enhancements in electrical conductivity show that 1 mass % loading is in the region of the electrical
percolation threshold. © 2010 American Institute of Physics. 关doi:10.1063/1.3323095兴
Several current and proposed applications of carbon
nanotubes 共CNTs兲 involve their use as additives to improve
the properties in polymer composites.1 The high electrical
conductivity and thermal conductivity of individual CNTs as
well as their excellent mechanical properties and high aspect
ratios originally suggested that dramatic improvements in the
properties of a polymer could be achieved by addition of
relatively small amounts of CNTs. Indeed dramatic improvements 共factors of 1010 to 1015兲 in electrical conductivity, ,
are routinely observed due to the formation of percolating
networks of CNTs at very low loadings 共often less than 0.1
mass %兲.2,3 Large improvements in thermal conductivity, 
共approximately 50-fold at 1 mass % for randomly oriented
CNTs兲,4 could be expected based on the dimensions, orientation, and intrinsic thermal conductivity of the CNTs. However, most experimental studies report enhancements of less
than a factor of two for 1 mass % CNTs and some report no
enhancement or even a reduction in thermal conductivity
relative to the polymer matrix.2,5
Interfacial thermal resistances 共RK兲 associated with
CNT-polymer and CNT-CNT interfaces present a fundamental limitation to the thermal conductivity enhancements. Both
experiments and molecular dynamics simulations suggest
RK ⬃ O共10−8 m2 K W−1兲 for CNT-polymer interfaces,4,6 and
this resistance has been included phenomenologically in
effective-medium theory 共EMT兲 models for heat transport in
CNT composites.7–9 In composites with higher CNT loading
a description based on percolation might be required.10 However, modeling and simulations indicate that the CNT-CNT
interface resistance also is O共10−8 m2 K W−1兲 for small
CNT-CNT separation.10,11 Other factors, such as CNT synthesis, quality, purification, dimensions, straightness, orientation, and dispersion, likely contribute to the modest nature of
the enhancements and the high variability between studies;
however, their effects are difficult to isolate from RK.
Interfacial thermal resistances are known to increase significantly at low temperature;12 therefore, temperaturedependent -measurements allow investigation of increasing
a兲
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RK independent of changes in sample quality. Most experimental studies of CNT-polymer composites have focused
around room temperature. One of the earliest thermal conductivity studies on a CNT/epoxy composite included a wide
temperature range 共300 to 30 K兲 and reported that the
-enhancement decreased as temperature decreased.13 More
recently, T-dependent measurements from 300 to 2 K demonstrated changes in -enhancement such that at the lowest
temperatures  of the composite was lower than that of the
matrix.5 These observations are consistent with  limited by
interfacial thermal resistance. In the present study we report
temperature-dependent -measurements for single-walled
CNT/polystyrene 共SWCNT/PS兲 composites prepared by a
method known to produce a more uniform distribution of
SWCNTs on the micrometer scale within the polymer
matrix.14 The electrical conductivity of the composites also is
reported.
The SWCNTs used in these composites were produced
by the high-pressure carbon monoxide method at Rice
University 共SWCNTs diameters around 1 nm and length
⬃1 m兲.15 The raw SWCNTs were purified by thermal
oxidation and HCl treatment,16 and contain less than 5
mass % residual metal. The SWCNT/PS composites studied
here contained either 0.75 or 1 mass % SWCNTs in polystyrene 共M W = 126.4 kg mol−1; polydispersity index= 1.03兲 and
were prepared by the coagulation method.14,17 In this
solution-blending method a small amount of SWCNT
共⬃0.1 mg mL−1兲 was dispersed in N , N-dimethylformamide
共DMF兲 with extensive sonication 共24 h兲 followed by mixing
with a PS/DMF solution and sonication for another 10 s.14,17
Whereas a limitation to dispersion quality in other solutionblended CNT composites is reagglomeration of the CNTs
during solvent evaporation,18 coagulation overcomes this by
dripping the SWCNT/polymer/DMF suspension into an excess of nonsolvent 共water兲 to quickly produce the composite,
before reagglomeration.17 After drying in vacuum 共130 ° C,
24 h兲, the raw composite material was consolidated by hot
pressing under minimal pressure at 150 ° C.
The distribution of SWCNTs in composites prepared by
the coagulation method has been characterized extensively,
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FIG. 1. 共Color online兲  vs T for the PS matrix 共2 samples: 쎲,䊊兲 and 0.75
mass % SWCNT/PS 共4 samples: 䉭,⫻, +,䉱兲 and 1 mass % SWCNT/PS
共3 samples: ⽧,〫,䊐兲. The inset shows  as a function of SWCNT content at
selected temperatures.

including optical microscopy, scanning electron microscopy,
UV-visible spectroscopy, small-angle x-ray scattering,
and Raman imaging.17,19–23 Characterization shows that
SWCNTs in such composites are present in small bundles,
which are uniformly distributed on the micrometer
scale.17,20,21 Before adding the polymer solution, a SWCNT
sample was removed from the SWCNT/DMF suspension and
atomic force microscopy was used to determine the mean
diameter 共9.6 nm兲 and the mean aspect ratio 共35兲 of the
SWCNT bundles.
Thermal conductivity was measured as a function of
temperature using the longitudinal steady-state method using
the thermal transport option of a Physical Property Measurement System 共PPMS; Quantum Design, San Diego, CA兲.
Measurements were conducted under vacuum 共10−4 Torr兲
and a radiation shield and corrective term were used to minimize radiative loss. Samples for thermal conductivity measurements were attached to disk-shaped, gold-plated copper
leads using a thermally and electrically conductive adhesive
共TraDuct 2902兲. The samples had uniform cross-sectional areas 共12– 16 mm2兲 and were approximately 1.5 mm thick.
Thermal conductivity results from approximately 140 to
360 K are shown in Fig. 1 共see Supplementary Information
for data tables兲.24 Agreement between initial and subsequent
measurements at room temperature indicates consistency in
the sample and the thermal contacts within the assembly
within this temperature range. Within the measured range the
temperature dependence of  is approximately linear, with
positive d / dT, and there is an increase in d / dT with loading. In the range from 220 to 340 K, the average slope increases from 共3.4⫾ 0.2兲 ⫻ 10−4 W m−1 K−2 for the neat
polystyrene to 共5.2⫾ 0.3兲 ⫻ 10−4 W m−1 K−2 for the 1
mass % SWCNT/PS composite.
Alternatively, thermal conductivity can be considered as
a function of SWCNT loading. For the three loadings measured here 共0, 0.75, and 1 mass %兲, the thermal conductivity
enhancement increased with SWCNT loading 共Fig. 1, inset兲
and, at room temperature, reached 50% for the highest loading 共1 mass %兲. This enhancement is comparable to that reported by Yang et al.25 for MWCNT/PS composites, who
note that the -enhancement is much larger with nanotubes
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FIG. 2. 共Color online兲 IV curves for a 1 mass % SWCNT/PS sample measured along the pressing direction 共䊏兲 and the two perpendicular directions
共䊊,⫻兲. Sample resistance and conductivity, determined from the slope in the
linear region and the sample dimensions, are indicated on the graph.

than with similar amounts of carbon nanofibers, graphite
powder, or silver nanoparticles.25 The data suggest nonlinearity; however the effect is small for the low loadings studied
here so linear fits are shown in accordance with EMT
models.7–9 Other models, such as an EMT model including
filler particle interactions,9 or approaches based on the
Nielsen model,26,27 do provide for nonlinear behavior that
might be more important at higher SWCNT loading.
The dependence of  on T and SWCNT content is consistent with RK associated with the SWCNT/PS interfaces
decreasing with increasing temperature 共i.e., RK has a smaller
negative effect on the thermal conductivity of the composite
at higher temperature兲. The d / dT values suggest this effect
could lead to a cross-over at lower temperature, wherein the
thermal conductivity of the composites would be lower than
that of the neat PS, as we observed earlier for MWCNT/
epoxy composites.5 However, attempts to measure  for
SWCNT/PS at lower temperatures 共⬍140 K兲 were thwarted
by thermal contact issues. Many adhesives were tested and in
all cases a discontinuous, irreversible drop in  was observed
when temperature was further reduced. This was attributed to
a reduction in the quality of the thermal contact due to thermal expansion mismatch stress.
A recent study of SWCNT/PS composites by Peters et
al.28 suggested that a change in interfacial thermal resistance
also should occur at the glass transition temperature 共Tg兲.
The Tg of the PS and composites studied here was 376 K, as
determined by differential scanning calorimetry 共DSC; TA
Instruments Q200兲. However, in contrast to the earlier 
study using a modulated DSC technique,28 we found that
most samples exhibited an irreversible drop in  above Tg
共one exhibited no change兲.
Electrical conductivity also was determined through
measurements of IV curves using a Keithley 237 sourcemeasure unit 共see supplementary information兲.24 For voltages up to 200 V 共across a 3 ⫻ 3 ⫻ 1.5 mm3 sample兲 the
current through PS samples was too low to measure. This
indicated PS ⬍ 10−15 S cm−1, which is consistent with the
expected, high resistivity of neat polystyrene. Larger,
V-dependent currents were measured for the 0.75 and 1
mass % SWCNT composites 共e.g., Fig. 2 for a 1 mass %
sample兲. For the 0.75 mass % samples the results of upward
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and downward voltage sweeps were not consistent. However,
those samples were clearly more conductive than the neat
PS matrix and their conductivity was estimated from the
currents at the largest voltages to be 10−14 to 10−13 S cm−1.
The corresponding resistance is similar to the input impedance of the Keithley 237 共1014 ⍀兲; therefore the measurement underestimates the sample resistance. For the 1 mass %
samples,  ⬃ 10−11 to 10−9 S cm−1 was determined from linear fits in the low-V, Ohmic region. The large change in 
from 0 to 0.75 to 1 mass % suggests that the two loadings
studied here fall within the relatively sharp jump in  that
occurs around the percolation threshold.
Considering the 1 mass % SWCNT/PS composites, the
 values in the Ohmic region are similar in magnitude to
those reported by Tchoul et al.29 for several SWCNT/PS
composites but low in comparison to 10−6 S cm−1 reported
for other 1 mass % SWCNT/PS composites by the Winey
group.23 Given the dramatic effect of dispersion,22 large variability between samples prepared separately is not unexpected. The nonlinear behavior of the IV curves is welldescribed by the model of fluctuation-assisted tunneling,30
which has been applied to CNT networks30 and CNT/
polymer films.31 The bulk electrical measurements suggest
some anisotropy in the samples. In one case the electrical
conductivity was 100 times larger along the pressing direction and in other cases 共e.g., for the sample shown in Fig. 2兲
the ’s along different directions are much closer. The differences could possibly be indicative of partial alignment,
due to pressing, and variability the dispersion/SWCNT content on a millimeter scale for a sample near the percolation
threshold. All  measurements were done along the pressing
direction and there was no significant difference between the
1 mass % samples despite the electrical conductivity differences. Therefore, possible anisotropy does not impact on interpretation of the  results.
In summary, thermal conductivity was measured as a
function of temperature from 140 to 360 K for CNT loadings
of 0, 0.75, and 1.0 mass % in SWCNT/PS composites, and
was observed to increase with both temperature and SWCNT
content. The -enhancement factor is reasonably constant
above 300 K but decreases at lower temperatures. As interfacial thermal resistances increase at low temperature, this is
consistent with the expectation that interfacial thermal resistance is a fundamental limitation on the  of CNT/polymer
composites.
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